A new, simple and robust technique for near-field thermal emission spectroscopy is presented. In this technique, the evanescent waves thermally emitted by a sample are converted into propagating waves in a high-refractive-index and transparent zinc selenide (ZnSe) internal reflection element (IRE) which is placed in contact with the sample. The converted propagating waves in the IRE are guided toward a Fourier-transform infrared spectrometer as they experience multiple total internal reflections at the IRE interfaces. This technique is demonstrated by measuring the thermally emitted surface phonon-polaritons of a quartz sample, vibrational frustrated modes of polytetrafluoroethylene and polydimethylsiloxane samples, as well as the hyperbolic frustrated modes of a hexagonal-boron-nitride sample. The optical arrangement required in this technique is very simple, and the measured spectra are reproducible. Additionally, the experimental setup does not involve complicated geometries such as multiscale probing tips and curved samples. This technique will contribute to the development of near-field thermal radiation applications such as near-field thermophotovoltaic power generation and thermal rectification as these applications rely on spectrally-selective thermal emission in the near field.
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There has been significant progress in the experimental study of near-field thermal radiation in the past two decades due to advances in nanofabrication techniques. So far, the near-field thermal radiative heat transfer has been measured between a sphere and a flat surface [27] [28] [29] [30] [31] , two flat surfaces 17, [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] , a probe and a flat surface 10, [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] , two parallel surfaces with microcavities 36 , and two lenses 57 . However, most of these studies have measured the total (spectrally integrated) heat transfer which does not provide any information about the spectrum of heat transfer. Many nearfield applications, such as near-field thermophotovoltaic power generation [11] [12] [13] [14] [15] [16] [17] and thermal rectification 23, 24 , rely on spectrally-selective thermal emission in the near-field. As such, it is crucial to measure the spectrum of near-field thermal emission.
Measuring the spectrum of near-field thermal emission is challenging because the evanescent waves in the near-field cannot reach a detector located in the far region. As such, the evanescent near field needs to be converted to propagating waves that can reach the far region. So far, this process, which is referred to as coupling evanescent waves to the far-field radiation, has been experimented using two techniques. In the first technique 10, 50, 51, 54 , the thermal near field of an emitting sample is scattered to the far zone by bringing the sharp tip of a scanning near-field optical microscope probe to the sub-wavelength distance from the sample. The scattered far-field is collected and guided to a Fourier-transform infrared (FTIR) spectrometer, where its spectrum is recorded. This probe-based technique has been used for measuring the near-field thermal emission spectra of silica 50,52 , quartz 10 , silicon carbide 10, 50, 51, 54 , hexagonal boron nitride (hBN)-gold structure 54 , and hBN-silica structure 54 , and polytetrafluoroethylene (PTFE) 10, 54 . The resonance frequencies of the spectra measured using this technique are redshifted from 3 cm -1 to 63 cm -1 compared to the resonance frequencies of the near-field thermal emission by the sample 10, 50, 51, 54 .
The resonance redshift is strongly dependent on the geometry of the probe 51 which is difficult to 4 control and precisely measure. Numerical models should be developed for this technique in order to relate the measured signal to the near-field thermal emission by the sample.
The second technique is based on the Otto configuration used for exciting surface polaritons via external illumination 57 . In this technique, a prism with a high refractive index is placed in contact with the surface of a curved sample. Since the wavevector of the thermal near-field increases in the prism, a portion of the thermally emitted evanescent waves is converted into propagating waves within the high-refractive-index prism. The propagating waves within the prism exit the curved surface of the prism and transmit to the far zone. This prism-based technique was used for measuring the near-field spectrum of silica 57 . The measured SPhP resonance of the silica was redshifted compared to the theoretical predictions by 105 cm -1 . This method is only used for curved samples and predicting the resonance redshift in this method requires employing numerical models due to the complex geometry of the sample.
In this study, we present a new spectroscopic technique in which the thermal near field is coupled to propagating waves using an internal reflection element (IRE) acting as an infrared waveguide. This technique does not require the sample to be curved and it does not involve using multiscale and complex-shape probes. The experimental apparatus in this technique is very simple such that specialized optical instruments are not needed. Furthermore, the experimental data are reproducible. A graphical representation of the technique is shown in Fig. 1 , where an IRE with a high refractive index and low infrared losses is located in the near-field region of the sample. The emitted evanescent waves with parallel component of the wavevector, k, between k0 and nIk0 are converted into propagating waves in the IRE due to the increase of the wavevector (k0 and nI are vacuum wavevector and IRE refractive index, respectively). These propagating waves cannot escape the parallel (to the sample) surfaces of the IRE as they experience total internal reflections 5 at theses surfaces (θ1 > θcr, where θ1 denotes the angle of the wavevector with the surface normal and θcr is the critical angle.). Instead, these modes are guided through the IRE toward its beveled ends where they can exit the IRE at an angle smaller than the critical angle (θ2 < θcr). The propagating waves exiting the IRE are collected and sent to an FTIR spectrometer where their spectrum is recorded. The higher the refractive index of the IRE, the higher the number of evanescent modes that can couple to the IRE. Since the IRE is transparent in the infrared, it does not emit significant thermal radiation compared to the sample. The main components of the setup are a heater, a power supply, an IRE, a horizontal Attenuated Total Reflection (ATR) accessory, and an FTIR spectrometer. The sample is mounted on a metal ceramic heater (Thorlabs, HT24S) which is connected to a power supply (KEPCO, ABC 36-3DM) 6 with a maximum voltage of 36 V. The heater output is 24 W at 24V and is used to raise the temperature of the sample to 160°C. The sample temperature is measured using a K-type thermocouple and is read using a digital thermometer (OMEGA, HH-52). The sample-heater assembly is adhered to a ceramic base using a nickel-base metallic adhesive (Cotronics Corp., Durabond 952 FS). A zinc selenide (ZnSe) IRE with a trapezoid cross section of dimensions 50 × 10 × 2 mm and an angle of 45° (Harrick, EM2122) is placed on the sampling surface of the multiple-reflection horizontal ATR accessory (Harrick, HorizonTM) . The base-heater-sample assembly is put in contact with the ZnSe IRE while two elastic posts made of 0.005"-thick stainless-steel plates acting as a spring are placed between the base and the sampling plate of the focusing accessory. A pressure applicator is used to press the base toward the IRE for near-field measurements. For far-field measurements, the pressure is released from the base such that the elastic posts push the sample away from the IRE. Thermal emission by the heated sample is coupled to the IRE and exit from its beveled surface. The exiting signal is collected and focused by the horizontal ATR accessory and this focused beam is transferred into the FTIR spectrometer using a f/4 parabolic mirror. The FTIR is a ABB-Bomem MB1552E equipped with a mercurycadmium-telluride (MCT) detector (InfraRed Associates Inc.). 7 (a) (b) 3e to 3h. The near-field energy density is calculated at a distance of 1 nm from the sample and is 9 normalized by its far-field value. The dielectric functions of quartz, PTFE, PDMS, and hBN are obtained from literature [60] [61] [62] [63] and are plotted as a function of wavenumber in Fig. A.1a to A.1e of the appendix. It should be noted that the fraction of the total far-field and near-field emission that is collected for each spectrum is unknown and hence the ratio of the near-field to far-field does not provide a measure of the total thermal emission. The main purpose of computing the ratio of the near-field and far-field spectra is to compensate for the wavelength dependent responsivity of the FTIR spectrometer.
The near-field thermal emission by the samples is proportional to Im r    , where r  is the Fresnel reflection coefficient at the sample-vacuum interface for  polarization ( = transverse electric (TE) or transverse magnetic (TM)) 4 . In the extreme near-field regime, where the distance from the heat source is much smaller than the dominant thermal wavelength (d << max), thermal emission is dominated by the contribution of TM-polarized waves. In this limit, When the latter condition is satisfied, near-field thermal emission resonantly increases due to the excitation of surface phonon-polaritons at the interface of the sample and the vacuum.
The near-field energy density of the quartz sample (Fig. 3e ) has three peaks at 807 cm -1 , 1155 cm -1 , and 1189 cm -1 due to the excitation of surface phonon-polaritons. The dielectric function of quartz at these three wavenumbers satisfies the SPhP resonance condition (s equals -0.45 + 1.47i, -1.40 + 0.55i, and -1.01 + 0.20i, respectively). The three SPhP resonances are captured in the measured quartz spectrum (Fig. 3a) . Similar to other near-field thermal spectroscopy techniques, 10 the SPhP resonance wavenumbers are redshifted in the experiments compared to the theoretical predictions. The origin of this redshift will be discussed later. The measured and theoretical nearfield spectra for PTFE are shown in Figs. 3b and 3f , respectively. PTFE has dielectric behavior (Re[s] > 0) in the infrared (see Fig. A.1b Figs. 3d and 3f , respectively. Hexagonal boron nitride is an anisotropic uniaxial medium which has two hyperbolic bands at 780 cm -1 -830 cm -1 and 1370 cm -1 -1610 cm -1 . Near-field thermal emission by hBN is enhanced in a broadband manner at these two spectral bands due to the contribution from hyperbolic modes. The broadband enhancement of near-field thermal emission by hBN in the high-wavenumber hyperbolic band is captured in the measured spectrum in Fig. 3d .
The low-wavenumber hyperbolic band cannot be realized in the measured spectrum as the signal is corrupted around 700 cm -1 due to thermal emission by ZnSe. The measured spectra in Fig. 3 11 demonstrate that the proposed technique can successfully be used for measuring the SPhP, vibrational frustrated and hyperbolic frustrated modes of near-field thermal emission. The measured near-field spectra exhibit redshifts ranging from 8 cm -1 to 63 cm -1 . The redshift has also been observed in the other spectroscopy techniques where spectral locations of the near-field peaks were redshifted up to 105 cm - 1 10,50,51,54,57 . The physics underlying the redshift of near-field spectra has been studied theoretically 64, 65 , and it is shown that the redshift is caused by the multiple reflections of the thermally generated waves in the small gap between the sample and the coupling medium (the IRE in our experiments). These multiple reflections that vary as a function of wavenumber distort the relative intensities of the near-field peaks and shift them to the lower wavenumbers 64, 65 . For the quartz sample which supports SPhP modes, the multiple reflections excite the electromagnetic gap modes in the air gap between the sample and the IRE. The gap modes reduce the strength of the SPhP resonance and introduce an additional peak in the thermal spectra that is redshifted relative to the SPhP resonance 64, 65 . Therefore, the spectrum appears to be redshifted. The largest amount of redshift in the measured spectra belongs to the SPhP modes because the sample has metallic behavior (Re[s] < 0) around these peaks and is thus highly which is commonly referred to as anomalous dispersion 66, 67 . The effect of anomalous dispersion on the thermal spectra is not specific to near-field measurements and is also observed in the farfield absorptance spectra measured using an IRE in attenuated total reflection measurements 66, 67 .
The rapid variation of the real part of the dielectric function around the vibrational frustrated peaks results in the sharp variation of the penetration depth and effective path length of the thermally generated evanescent waves in the sample which affects the relative intensity of the bands and the spectral location of the peaks 67 . In the future research, a theoretical model for predicting the amount of redshift will be developed.
In summary, we presented a new technique for near-field thermal emission spectroscopy in which the thermally generated evanescent waves in the near field are guided through an IRE toward an 
